Antioxidant enzymes play key roles in the protection of cells from oxidative damage. Little is known, however, about the expression of antioxidants and/or their roles in PMNs (polymorphonuclear leucocytes), which are thought to suffer from oxidative stress in an inflammation site. In the present paper, we report on the regulation of expression of PHGPx (phospholipid hydroperoxide glutathione peroxidase) and cGPx (cytosolic glutathione peroxidase) in rat PMNs in the inflammation site. PHGPx mRNA levels were much lower in casein-induced peritoneal and carrageenan-induced pleural PMNs just after their collection than in peripheral PMNs. cGPx mRNA was also reduced in the casein-induced PMNs, but not in carrageenan-induced PMNs. Both enzymes with decreased levels in the casein-induced PMNs were up-regulated during further 24 h cultivation in vitro and in vivo, with elevation of their protein levels and activities, and reduction of intracellular peroxides. Up-regulation of PHGPx mRNA was attenuated by cycloheximide, a protein synthesis inhibitor, and this effect was cancelled by culturing the cells in the conditioned medium of the cultured casein-induced PMNs. This latter effect was attenuated by pre-treatment with anti-GRO (growth-regulated oncogene) antibody. Recombinant rat GRO could also induce the up-regulation in the presence of cycloheximide, demonstrating that GRO may play an important role in the PHGPx up-regulation of caseininduced PMNs. Production of the lipid mediators leukotriene B 4 and 5-HETE (5-hydroxyeicosatetraenoic acid) was decreased in the cultured casein-induced PMNs exhibiting PHGPx upregulation. The evidence obtained indicates that PHGPx activity in the activated PMNs would be related to the appearance of the intrinsic function of PMNs in the inflammatory site.
INTRODUCTION
Neutrophils, PMNs (polymorphonuclear leucocytes), are known to play an important role in inflammatory responses. They are the first cells that migrate into tissues in response to invading pathogens from the bloodstream. Their principle role in inflammatory and immune responses has long been thought to be phagocytosis and killing of bacteria via the generation of ROS (reactive oxygen species) and release of lytic enzymes stored in granules [1, 2] . Especially, since ROS are potentially highly toxic, they are essential molecules in the killing of bacteria. PMNs are thought to be exposed to ROS produced by themselves and other inflammatory cells, and to suffer from resultant damage, such as DNA cleavage, protein denaturation, and lipid peroxidation. The ROSmediated damage to intracellular molecules is considered to be limited by cellular antioxidant enzymes, such as SODs (superoxide dismutases) and GPxs (glutathione peroxidases). Intracellular GPx comprise three distinct proteins, cGPx (cytosolic GPx), GPx-GI (gastrointestinal GPx) and PHGPx (phospholipid hydroperoxide glutathione peroxidase). Among these, cGPx and PHGPx are widely distributed in various tissues and cells. cGPx is present predominantly in the cytosol, and some is located in mitochondria. PHGPx exists in cytosolic, nuclear and mitochondrial fractions [3] [4] [5] and is known to be an antioxidative enzyme that can directly reduce peroxidized phospholipids [6] , fatty acids [7] and cholesterol [8] in membranes. GST (glutathione S-transferase) and 1-Cys peroxiredoxin, a member of the peroxiredoxin superfamily, have also been shown to reduce phospholipid hydroperoxides [9, 10] . The activity of GST for reducing phospholipid hydroperoxides, however, is relativity low as compared with that of the other two enzymes [9] . 1-Cys peroxiredoxin is distributed in the cytosol and mitochondria, but not in the nuclei and membranes [11, 12] . We have reported that RBL-2H3 (rat basophilic leukaemia 2H3) cells overexpressing mitochondrial PHGPx are resistant to necrotic and apoptotic cell death caused by various oxidative stresses [3, 13, 14] . Overexpression of 1-Cys peroxiredoxin, cGPx or Mn-SOD (manganese-dependent SOD) also suppressed the oxidant-induced cell damage and the apoptosis induced by various stimuli [15] [16] [17] [18] [19] [20] . Accordingly, the antioxidant enzymes may play a key role in the prevention of oxidative damage at an inflammation site.
On the other hand, the functional role of PMNs in the inflammatory responses is not limited to phagocytosis and bacteria killing via the ROS. They also produce several inflammatory cytokines, chemokines and lipid mediators to modulate inflammatory and immune responses. Eicosanoids, such as LTs (leukotrienes) and prostanoids, are a family of lipid mediators that are derived from the metabolism of arachidonic acid, and have a wide range of biological actions, including potent effects on inflammation and immunity. Activities of LOXs (lipoxygenases) or Abbreviations used: AMV, avian myeloblastosis virus; CHX, cycloheximide; DCFDA, 5,6-carboxy-2,7-dichlorofluorescein diacetate; DHR 123, dihydrorhodamine 123; FBS, foetal bovine serum; GPx, glutathione peroxidase; cGPx, cytosolic GPx, GRO, growth-regulated oncogene; GST, glutathione S-transferase; H 2 DCFDA, 5,6-carboxy-2,7-dichlorodihydrofluorescein diacetate; HBSS, Hanks balanced salt solution; 5-HETE, 5-hydroxyeicosatetraenoic acid; IL, interleukin; IL-1ra, IL-1 receptor antagonist; LOX, lipoxygenase; LT, leukotriene; MAPK, mitogen-activated protein kinase; PCOOH, phosphatidylcholine hydroperoxide; PG, prostaglandin; PHGPx, phospholipid hydroperoxide GPx; PMN, polymorphonuclear leucocyte; PT, pertussis toxin; RBL-2H3, rat basophilic leukaemia 2H3; ROS, reactive oxygen species; SOD, superoxide dismutase; TNFα, tumour necrosis factor α. 1 Present address: Drug Safety Research Laboratory, Daiichi Pharmaceutical Co. Ltd, Tokyo 134-8630, Japan. 2 To whom correspondence should be addressed (email nakagaway@pharm.kitasato-u.ac.jp).
COXs (cyclo-oxygenases), enzymes responsible for biosynthesis of LTs and PGs (prostaglandins), have been demonstrated to be regulated by the expression level of GPx through controlling the cellular peroxide tone [13] . Our previous results have shown that the intracellular PHGPx level is closely associated with the production of eicosanoids in RBL-2H3 cells. The levels of LTC 4 and LTB 4 produced in PHGPx-overexpressing RBL-2H3 cells were much lower than those in a control cell line [5] . Furthermore, production of PGD 2 and PAF (platelet-activating factor), which are also important mediators in the inflammatory response, was suppressed in the non-mitochondrial PHGPx-overexpressing cells [21, 22] . Impairment of GPx activity by selenium deficiency or glutathione depletion led to enhanced activity of 5-lipoxygenase in leucocytes [23] [24] [25] . These findings suggest that the expressed levels of cellular antioxidant enzymes, especially PHGPx and cGPx, could modulate various cellular functions through the control of cellular redox states. Although many studies have focused on the regulation of ROS production in PMNs, little is known about the expression of GPx and/or their role in the cells. The present study was designed to clarify the regulation of PHGPx and cGPx mRNA expression in those PMNs that have migrated into inflammation sites. Intracellular levels of PHGPx and cGPx were determined in rat exudative PMNs and macrophages induced by the intraperitoneal injection of casein. We found dramatic downand up-regulation of PHGPx and cGPx mRNA expression in rat exudative PMNs. Furthermore, a protein factor that is active in the up-regulation of PHGPx mRNA was identified.
EXPERIMENTAL

Reagents
ISOGEN, β-actin probe and recombinant rat GRO (growth-regulated oncogene) were obtained from Wako Pure Chemical Industries (Osaka, Japan); ATP, CTP and GTP were from Boehringer Mannheim (Mannheim, Germany); sodium metrizoate and NycoPrep were from Daiichi Pure Chemical Industries (Tokyo, Japan); heparin sodium salt injection was from Mitsubishi Pharma Co.
(Osaka, Japan); dextran sulphate was from Amersham Biosciences (Little Chalfont, Bucks., U.K.); sodium casein was from Tokyo Kasei Kogyou Co. (Tokyo, Japan). Rabbit IgG as an isotype control and antibodies against rat GRO/CICN-1 (cytokineinduced neutrophil chemoattractant-1) C-terminal and N-terminal were purchased from IBL Co. (Gunma, Japan); recombinant rat TNF-α (tumour necrosis factor α), recombinant rat IL-1β (interleukin 1β), and recombinant rat IL-1ra (IL-1 receptor antagonist) were from PeproTech EC (London, U.K.); SYBR Green Master Mix (QuantiTect TM ) was from Qiagen GmbH (Hilden, Germany); AMV (avian myeloblastosis virus) reverse transcriptase XL and random nonomers were from TaKaRa Shuzo Co. (Shiga, Japan). CHX (cycloheximide) was obtained from Carbiochem (Darmstadt, Germany); PT (pertussis toxin) was from List Biological Laboratory (Campbell, CA, U.S.A.).
Collection and culture of PMNs and macrophages
Casein-induced PMNs and macrophages were collected by the method described in [26, 27] . Briefly, male Sprague-Dawley rats (Charles River Japan, Kanagawa, Japan), aged from 9 to 17 weeks, were intraperitoneally injected with sterilized 5 % (w/v) casein dissolved in physiological saline at an injection volume of 100 ml/kg. Exudative cells in the peritoneal cavity were collected 16 h after the casein injection to obtain PMNs and macrophages, except in time-course experiments. After removing erythrocytes by hypotonic lysis with 0.2 % (w/v) NaCl for 1 min, followed by addition of the same volume of 1.6 % (w/v) NaCl to restore osmolarity, PMNs were separated by a density-gradient centrifugation method with sodium metrizoate or NycoPrep. PMNs were more than 90 % pure and were viable as assessed by MayGiemsa staining and the Trypan Blue dye-exclusion test. To obtain macrophages, peritoneal exudative cells were incubated in RPMI 1640 medium containing 5 % (v/v) foetal bovine serum (5 % FBS RPMI 1640 medium) in a CO 2 incubator for 2 h in a 6-cm polystyrene dish to allow adherence of macrophages. After removing non-adherent cells by washing three times with PBS, adherent cells were collected.
Peripheral blood was drawn from the abdominal vena cava of naive rats into a heparin-treated syringe and added to an equal volume of PBS and 3 % dextran. Blood was then allowed to stand at room temperature to separate out erythrocytes; the upper layer was collected and centrifuged at 200 g for 10 min at room temperature. After erythrocytes were removed by the shock-lysing method, the cells were washed with HBSS (Hanks balanced salt solution), and PMNs were separated by a density-gradient centrifugation method with Ficoll/sodium metrizoate.
Resident macrophages were collected from naive rats by peritoneal lavage with saline. Cells were resuspended in 5 % FBS RPMI 1640 medium after removing erythrocytes and were incubated for 2 h in a 6-cm polystyrene dish to allow adherence of macrophages. Non-adherent peritoneal cells were removed by washing the cells three times with PBS, and adherent peritoneal macrophages were then collected.
Carrageenan-induced PMNs were collected from the pleural cavity of rats 16 h after the intrathoracic injection of 2 % (w/v) carrageenan dissolved in saline at a constant volume of 0.1 ml/ animal. PMNs were isolated by the same way as that used for isolating the casein-induced PMNs.
The numbers of purified PMNs and macrophages were counted by Trypan Blue staining. These cells were cultured for 24 h in 5 % FBS RPMI 1640 medium in the presence or absence of several inhibitors or antibodies, except in the time-course experiments. In the present study, all experimental procedures were performed in accordance with the in-house guidelines of the Institutional Animal Care and Use Committee of Daiichi Pharmaceutical Co.
RNA isolation and Northern blot analyses
Total RNA was extracted by lysis of cells with ISOGEN and was purified according to the manufacturer's directions. Briefly, (2-5) × 10 7 cells were homogenized in ISOGEN. After the addition of chloroform and phase separation, the RNA was precipitated with isopropyl alcohol and washed with ethanol. The RNA was dissolved in RNase-free distilled water.
Total RNA (20 µg) from each sample was electrophoresed under denaturing conditions, blotted on to a nylon membrane and cross-linked by UV irradiation. Membranes were pre-hybridized at 42
• C for 2 h and hybridized overnight with 2 × 10 6 c.p.m./ml of a 32 P-labelled probe. Membranes were then washed twice at 42
• C for 15 min in 2×SSC [1×SSC = 0.15 M NaCl and 0.015 M sodium citrate (pH 7.0)] with 0.1 % SDS and twice at 65
• C for 30 min in 0.2×SSC with 0.1 % SDS, before being autoradiographed with a BioImaging Analyser (BAS2000; Fujifilm, Tokyo, Japan). The cDNAs for PHGPx and cGPx (GenBank ® accession numbers AB030643 and NM 030826) were used as the probes.
Quantitative PCR
Total RNA (2 µg) was subjected to first-strand cDNA synthesis with 0.25 unit/µl AMV reverse transcriptase XL, 2.5 µM random nonomers, 1 unit/µl RNase inhibitor and 1 mM dNTP mixture. Thermal cycling conditions of 30
• C for 10 min, 42
• C for 30 min,
99
• C for 5 min and 5
• C for 5 min were used for the reverse transcription. cDNA and each primer were mixed with SYBR Green Master Mix, and quantitative PCR was then performed with the ABS PRISM 7700 Sequence Detection System (Applied Biosystems). The following specific primers for PHGPx, cGPx and 18 S rRNA as an internal control were used: PHGPx: sense, 5 -GGGCATCGTCCCCATTTAC-3 , and antisense, 5 -ATGGGCA-CATGGTTTGCCTGGATAAGT-3 ; cGPx: sense, 5 -TTGAGA-ATGTCG CGTCCCTC-3 , and antisense, 5 -GCAGTGGGATC-GTCACTGG-3 ; and 18 S rRNA: sense, 5 -GCCCGAAGCGTTT-ACTTTGAA-3 , and antisense, 5 -GGCATCGTTTATGGTCGG-AAC-3 . The relative quantity was calculated from a standard curve generated from diluted standard cDNA samples obtained from the rat testis. The quantity was normalized with that of 18 S rRNA.
Assays of PHGPx and cGPx activities
PMNs (10 8 ) were sonicated in 1 ml of 10 mM Tris/HCl (pH 7.4) containing 5 mg/ml leupeptin and 17 mg/ml PMSF. The homogenate was centrifuged at 10 000 g for 10 min at 4
• C, and the supernatant was used for the assay. PHGPx activity was determined by using PCOOH (phosphatidylcholine hydroperoxide) as the substrate, according to our previous papers [5, 28] .
To measure the enzyme activity of cGPx in the supernatant, the reduction of H 2 O 2 was monitored by the decrease in absorbance at 340 nm of NADPH in the presence of 3 mM GSH and 3 mM H 2 O 2 .
Immunoblot analysis of PHGPx and cGPx proteins
PMNs (2 × 10 8 ) were lysed with a lysis buffer (Passeve Lysis Buffer; Promega, Madison, WI, U.S.A.) containing a protease inhibitor cocktail (Complete Mini, Roche Diagnostics GmbH, Mannheim, Germany). After that, the lysate was centrifuged at 10 000 g for 10 min, and the supernatant was collected. Protein (50 µg) was solubilized in the sampling buffer by sonication and boiling for 5 min in the sampling buffer, and then separated on SDS/12.5 % polyacrylamide gels and transferred on to a PVDF membrane (NEN, Boston, MA, U.S.A.). The membrane was blocked with 5 % (w/v) dried skimmed milk and then incubated with anti-PHGPx (6F10) monoclonal antibody or anti-cGPx polyclonal antibody as produced previously [29] . Anti-(p44/42 MAPK) (mitogen-activated protein kinase) antibody (Cell Signaling Technology, Beverly, MA, U.S.A.) was used as an internal control. Horseradish-peroxidase-conjugated anti-mouse IgG was used as a secondary antibody. Bands reactive with the antibodies were visualized by a horseradish-peroxidase enhanced chemiluminescence method and then analysed densitometically with an imaging analyser. The band intensity was normalized with that of p44/42 MAPK, and intensity of the enzyme relative to that of the casein-induced PMNs without cultivation (0 h) was calculated.
Nuclear run-on assay
Casein-induced PMNs and those cultured further for 24 h in 5 % FBS RPMI 1640 medium were resuspended in 10 mM Tris/HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl 2 and 0.5 % Nonidet P40 and incubated on ice for 10 min. The nuclear pellets were spun down at 1700 g and resuspended in 50 mM Tris/HCl (pH 8. • C. RNase-free DNase I was added, and the incubation was continued for 10 min at 37
• C. After the incubation, 400 µl of 20 mM Tris/HCl (pH 7.4), 10 mM EDTA, 2 % (w/v) SDS and 10 µl of 20 mg/ml protease K was added to the reaction mixture, followed by incubation for 1 h at 50
• C. The labelled RNA transcripts were isolated by phenol extraction, phenol/chloroform extraction and ethanol precipitation, and were quantified by counting.
As hybridization templates, purified PHGPx, cGPx, β-actin cDNA fragments and the PTZ-18R plasmid, a cloning vector without the genes, as a negative control were applied to nylon membranes (Millipore) and fixed by UV cross-linking. The filters were pre-hybridized by 2 h of incubation at 42
• C in the pre-hybridization buffer, and then hybridized for 48 h at 42
• C with hybridization buffer containing the radioactively labelled mRNAs (25 × 10 7 c.p.m./filter) that had been denatured (5 min at 65 • C). Washing was performed three times for 15 min at 42
• C with 2 × SSC with 0.1 % SDS, and twice for 15 min at 65
• C with 0.2 × SSC with 0.1 % SDS. The filters were exposed to X-ray film for autoradiography. The membrane bands were then analysed densitometically with an imaging analyser, and the intensity of PHGPx and cGPx was normalized with that of β-actin, and the relative intensity of both enzymes to the casein-induced PMNs without cultivation (0 h) was calculated.
GRO production of casein-induced PMNs
Casein-induced PMNs were cultured in 5 % FBS RPMI 1640 medium for 4, 8, 16 and 24 h, and supernatants were collected at each time point. The GRO level in the culture supernatant was measured by using a commercial ELISA kit (IBL Co., Gunma, Japan).
Flow-cytometric analysis of intracellular peroxides
To assess the levels of intracellular peroxides, we performed flow-cytometric analysis with two oxidation-sensitive fluorescent probes, H 2 DCFDA (5,6-carboxy-2,7-dichlorodihydrofluorescein diacetate) and DHR 123 (dihydrorhodamine 123), and an oxidation-insensitive probe, DCFDA (5,6-carboxy-2,7-dichlorofluorescein diacetate) (all from Molecular Probes, Eugene, OR, U.S.A.). Cells (2 × 10 6 ) were washed with PBS and incubated with 5 µM H 2 DCFDA, 2 µM DHR 123 or 5 µM DCFDA in PBS in a final volume of 2 ml for 30 min at 37
• C in the CO 2 incubator. After washing with PBS, the cells were resuspended in HBSS containing 0.1 % (w/v) BSA and sodium azide, and the intensity of fluorescence in the cells was analysed with a flow cytometer (EPICS-XL; Beckman Coulter, Fullerton, CA, U.S.A.).
Quantification of LTB 4 and 5-HETE (5-hydroxyeicosatetraenoic acid)
Casein-induced PMNs isolated just after the collection from the peritoneal cavity and after 24 h cultivation were pre-incubated in PBS containing 1 mM CaCl 2 for 5 min at 37
• C and then stimulated with 5 µM A23187 for 5 min at 37
• C. After the incubation, supernatants were obtained by centrifugation at 200 g for 10 min at 4
• C. This was followed by extraction of LTB 4 and 5-HETE with ethyl acetate. PGB 2 (50 ng), as an internal standard, was added before the extraction. After the solvent in the extraction was removed by evaporation with nitrogen gas, 0.1 ml of ethanol was added. The supernatant was injected into an HPLC system equipped with a reverse-phase column (LiChrosorb RP-18; 240 mm × 0.4 mm inner diameter; Merck, Darmstadt, Germany) for the separation of LTB 4 and 5-HETE. Concentrations were calculated from the peak area of the internal control.
RESULTS
Expression of PHGPx and cGPx mRNA between carrageenanand casein-induced PMNs
Levels of PHGPx and cGPx mRNA were determined in peripheral blood and in carrageenan-induced thoracic and casein-induced peritoneal PMNs by Northern blot analysis ( Figure 1A ). PHGPx expression in PMNs was much lower than that of cGPx. Striking differences in mRNA levels in both types of GPx were observed in peripheral blood PMNs, carrageenan-induced PMNs and caseininduced PMNs. The expressed levels of PHGPx and cGPx were markedly decreased in the casein-induced PMNs collected from the peritoneal cavity as compared with those levels in the peripheral blood PMNs. The PHGPx mRNA level was also reduced in the carrageenan-induced PMNs, but cGPx was expressed at the same level as that of the peripheral blood PMNs. These results indicate that PHGPx expression was extremely down-regulated in those PMNs that migrated to the inflammatory site. In contrast, no marked differences in the expression of cGPx and PHGPx were observed between the resident and casein-induced macrophages, although the casein-induced macrophages exhibited slightly decreased expression of PHGPx (0.8-fold) and increased expression of cGPx (1.1-fold). The alveolar macrophages expressed higher amounts of PHGPx mRNA than did the peritoneal macrophages ( Figure 1B) .
Elevation of PHGPx and cGPx expression of casein-induced PMNs in vitro and in vivo
Casein-induced PMNs collected from the peritoneal cavity were cultured in 5 % FBS RPMI 1640 medium for 1, 4, 8, 16 and 24 h, and mRNA levels of both enzymes were measured by Northern blot analysis and quantitative PCR. Northern blot analysis showed that the casein-induced PMNs maintained low levels of PHGPx and cGPx expression during the first 4 h of cultivation. Expressed levels of both PHGPx and cGPx mRNA were then elevated in the cells from 8 to 24 h as compared with those levels for the caseininduced PMNs without the cultivation (Figure 2A ). Similar timedependent up-regulation of PHGPx and cGPx mRNA could be detected by quantitative PCR. PHGPx and cGPx mRNA was significantly elevated in the cells collected at 8 and 24 h as compared with the cells without cultivation (0 h), and the levels of PHGPx and cGPx after 24 h of cultivation were approx. 10 and 2 times higher respectively than those levels for the casein-induced PMNs without cultivation ( Figure 2B) .
Next, we examined whether the up-regulation of PHGPx was also found in the casein-induced PMNs that existed in the peri- (B) Casein-induced PMNs were collected as described above, and the cells were then cultured in 5 % FBS RPMI 1640 medium for 4, 8 and 24 h. Total cellular RNA was isolated from the cells, and mRNA levels were detected by quantitative PCR. The relative quantity of PHGPx (᭹) and cGPx ( ) mRNA was normalized with that of 18 S rRNA as an internal control. Results are means + − S.D. Data were analysed statistically by Dunnett's test (n = 4, *P < 0.05, **P < 0.01 compared with 0 h). (C) Casein-induced PMNs were collected from the peritoneal cavity 6, 16, 48 and 72 h after the intraperitoneal injection of 5 % casein. As a control, PMNs were collected from peripheral blood and peritoneal cavity 16 h after the injection and thereafter cultured in vitro for 24 h (cultured PMNs). Total cellular RNA was isolated from the cells, and mRNA levels were detected by quantitative PCR. The relative quantity of PHGPx mRNA was normalized with that of 18 S rRNA. Results are means + − S.D. Data were analysed statistically by Dunnett's test (n = 4-6, *P < 0.05, **P < 0.01 compared with 16 h) or Student's t test (n = 4-6, ##P < 0.01 compared with 16 h). toneal cavity. Quantitative PCR was carried out with mRNA of the casein-induced PMNs collected from the peritoneal cavity at 6, 16, 48 and 72 h after the 5 % casein injection ( Figure 2C ). The casein-induced PMNs showed a low expression level of PHGPx mRNA by 16 h after the casein injection, but the level was subsequently up-regulated from 48 h after the injection. The casein-induced PMNs collected at 48 h exhibited 15 times higher expression of PHGPx than did those collected at 16 h, and this level was equivalent to that of peripheral PMNs, indicating that the casein-induced PMNs exhibited a transient down-regulation of PHGPx levels with a subsequent recovery phase. This upregulation was sustained in the PMNs for up to 72 h.
Enzyme activities of PHGPx and cGPx were determined by using PCOOH and H 2 O 2 as the respective substrates ( Figure 3A) . The activities of PHGPx and cGPx in the casein-induced PMNs cultured for 24 h were approx. 1.8-and 1.5-fold higher respectively than those in the casein-induced PMNs without cultivation.
PHGPx and cGPx in the casein-induced PMNs were detected by immunoblot analysis. The protein levels of PHGPx and cGPx
Figure 3 Enzyme activities and protein levels of PHGPx and cGPx in rat casein-induced PMNs and cultured PMNs
(A) Casein-induced PMNs were collected and cultured as described in Figure 2 . PHGPx and cGPx activities were measured in casein-induced PMNs just after the collection (0 h) and at 24 h after the culture in the medium with phosphatidylcholine hydroperoxide as a substrate for PHGPx and H 2 O 2 for cGPx. Results are means + − S.D. Data were analysed statistically by Student's t test (n = 3, *P < 0.05, **P < 0.01 compared with 0 h). Reproducibility of these results was confirmed in three experiments. (B) PHGPx and cGPx proteins were detected in the casein-induced PMNs just after the collection (0 h) and at 24 h after the culture in the medium by immunoblot analysis with anti-PHGPx monoclonal antibody and anti-cGPx polyclonal antibody. Anti-(p44/42 MAPK) polyclonal antibody was used as an internal control (internal cont.). Reproducibility of these results was confirmed in three experiments. Molecular-mass sizes are given in kDa.
in the cultured casein-induced PMNs were 2.1 and 2.0 times higher respectively than that of the casein-induced PMNs without cultivation, corresponding to the enzyme activity ( Figure 3B ).
Nuclear run-on assays were performed to determine whether the up-regulation of PHGPx and cGPx mRNA in the casein-induced PMNs was due to the activation of transcription (Figure 4 ). Transcription levels for both PHGPx and cGPx were enhanced in the cultured PMNs as compared with those levels in the uncultivated casein-induced PMNs. The intensities of the bands of PHGPx and cGPx after 24 h of incubation were approx. 1.6 and 1.8 times higher respectively than those of the cells without the cultivation.
Relevance of protein synthesis and cytokines to the up-regulation of PHGPx mRNA in the cultured casein-induced PMNs
To elucidate the mechanism for the PHGPx up-regulation in the casein-induced PMNs during the 24 h cultivation, the effects of a protein synthesis inhibitor (CHX) on the up-regulation of PHGPx mRNA were examined by quantitative PCR (Figure 5A ). The up- Casein-induced PMNs were collected as described in Figure 2 , and the cells were then cultured in the medium for 24 h. The cells were harvested, and nuclear run-on transcription assays were performed to analyse the transcription rates of PHGPx and cGPx mRNA. β-Actin and PTZ-18R were used as an internal control and a negative control respectively. Reproducibility of these results was confirmed in three experiments.
Figure 5 Relevance of protein synthesis and cytokines to the up-regulation of PHGPx mRNA in casein-induced PMNs
(A) Casein-induced PMNs were collected as described in Figure 2 . The cells were cultured for 24 h in the medium or conditioned medium (CM), which was collected from the cells cultured for 24 h, with or without 10 µM CHX. Total cellular RNA was isolated from the cells, and mRNA levels were detected by quantitative PCR. Results are expressed as mean percentages + − S.D. of the medium control at 24 h (shaded bar). Data were analysed statistically by Student's t test (n = 4-6, *P < 0.05 and **P < 0.01 compared with the medium control). (B) Casein-induced PMNs were collected as described in Figure 2 . The cells were cultured in the medium for 24 h in the presence of 10 µM CHX and a cytokine (100 ng/ml GRO, 20 ng/ml TNFα, 50 ng/ml IL-1β or 50 ng/ml IL-1ra). Total cellular RNA was isolated from the cells, and mRNA levels were detected by quantitative PCR. Results are expressed as mean percentages + − S.D. of the medium control without CHX and cytokine. Data were analysed statistically by Student's t test (n = 4-6, *P < 0.05 compared with the CHX treatment group without cytokine, shaded bar).
regulation of PHGPx mRNA was significantly suppressed by the addition of 10 µM CHX. This inhibitory effect of CHX, however, was cancelled when the PMNs were cultured in conditioned medium, which was the culture supernatant of the casein-induced PMNs cultured for 24 h. These results suggest that a certain factor secreted from the PMNs into the medium is involved in the upregulation of PHGPx mRNA.
The effect of several cytokines on the expression of PHGPx mRNA in the cultured casein-induced PMNs was determined by quantitative PCR (Figure 5B ). PHGPx mRNA expression was up-regulated by the addition of GRO in the presence of CHX as compared with that in the PMNs cultured without cytokine. No elevation of PHGPx mRNA was detected in the cells cultured with TNF-α, IL-1β or IL-1ra in the presence of CHX. The cytokines and chemokine did not show any cytotoxic effect in the presence of CHX during 24 h culture periods.
The effect of anti-GRO antibody on the up-regulation of PHGPx mRNA in the casein-induced PMNs cultured in the conditioned medium containing CHX was examined. Pre-treatment of the conditioned medium with anti-GRO antibody significantly suppressed the up-regulation of PHGPx mRNA in the presence of CHX, but pre-treatment with an isotype control antibody did not ( Figure 6A) . Furthermore, the up-regulation of PHGPx mRNA during the 24 h cultivation was significantly suppressed to approx. 66 % of the control value by the addition of 3 µg/ml PT, an inhibitor of G-protein-coupled membrane receptor signalling ( Figure 6B ).
Production of GRO in the casein-induced PMNs
Production of GRO was measured in the culture supernatant collected from the casein-induced PMNs at 4, 8, 16 and 24 h after the cultivation. GRO was secreted from the casein-induced PMNs during the first 4 h of culture; the concentration was then sustained for up to 24 h ( Figure 6C ).
Comparison of intracellular hydroperoxide level and LT production between casein-induced PMNs with or without cultivation
To elucidate whether the cultured casein-induced PMNs showed any different features as compared with the casein-induced PMNs without cultivation, the level of hydroperoxides was determined in the casein-induced PMNs by flow-cytometric analysis with H 2 DCFDA and DHR 123 (Figure 7) . The basal fluorescence intensities of H 2 DCFDA and DHR 123 in the cultured caseininduced PMNs were lower than those of the casein-induced PMNs without the cultivation, indicating that the level of hydroperoxide was reduced in the PMNs concomitantly with the up-regulation of PHGPx and cGPx levels during the 24 h cultivation. No notable differences in the basal fluorescence intensity of the oxidationinsensitive probe DCFDA were observed between the cultured casein-induced PMNs and the casein-induced PMNs without the cultivation (results not shown).
Production of LTB 4 and 5-HETE was measured in the caseininduced PMNs with or without cultivation after exposure to A23187. Stimulated PMNs without cultivation produced LTB 4 and 5-HETE, which reached levels of 978 + − 350 and 1783 + − 606 ng/2 × 10 7 cells respectively, whereas synthesis of LTB 4 and 5-HETE was significantly decreased to 94 + − 21 and 292 + − 75 ng/ 2 × 10 7 cells respectively in the cultured casein-induced PMNs. In the casein-induced PMNs, the expressed levels of 5-LOX and cytosolic phospholipase A 2 , which are key enzymes of LTB 4 synthesis, were not altered during cultivation (results not shown).
DISCUSSION
The present study was focused on the expression of GPx, especially PHGPx, in PMNs that have migrated into the inflammatory site, which appears to be a potent oxidizing environment. The level of PHGPx mRNA was markedly reduced in the casein- Figure 6 Effects of anti-(rat GRO) antibody and PT on the up-regulation of PHGPx mRNA, and GRO production of casein-induced PMNs (A) Casein-induced PMNs were collected as described in Figure 2 . The cells were cultured for 24 h in the presence of 10 µM CHX and conditioned medium (CM), which was incubated with an antibody against rat GRO or an isotype control antibody for 1 h at room temperature beforehand. Total cellular RNA was isolated from the cells, and mRNA levels were detected by quantitative PCR. Results are expressed as mean percentages + − S.D. of the CM control (shaded bar). Data were analysed statistically by Dunnett's test (n = 4-6, **P < 0.01 compared with CM control). (B) Casein-induced PMNs were cultured in the medium for 24 h in the presence of 1 µg/ml PT and 10 µM CHX. Total cellular RNA was isolated from the cells, and mRNA levels were detected by quantitative PCR. Results are expressed as mean percentages + − S.D. of the medium control. Data were analysed statistically by Student's t test (n = 4-6, *P < 0.05 compared with the medium control). (C) Casein-induced PMNs were cultured in 5 % FBS RPMI 1640 medium, and supernatants were collected at each culture period indicated in the Figure. GRO concentration in the supernatants was measured by ELISA. Results are expressed as the means + − S.D., and were analysed statistically by Dunnett's test (n = 4-5, **P < 0.01 compared with the medium control).
induced PMNs collected from the peritoneal cavity as compared with peripheral PMNs (Figure 1A ), but was elevated during further 24 h cultivation in vitro and in vivo ( Figures 2B and 2C ). Expressed levels of PHGPx and cGPx mRNA in the 24-h-cultured PMNs were 10 and 2 times higher respectively than those of the casein-induced PMNs without the cultivation ( Figure 2B) . A run-on assay revealed that the elevation of PHGPx mRNA was transcriptionally up-regulated (Figure 4) . Three previous studies have only addressed changes in the intracellular PHGPx expression in spermatogenesis, embryogenesis and stimulation with cytokines. From these, PHGPx has been reported to be expressed at high levels in rat, mouse and human testis [29] [30] [31] [32] . An extraordinarily high rate of transcription of the gene for PHGPx was detected in the layer of late spermatocytes in mice [31] , rats [32] and humans [29] . Expression of PHGPx in rat testes disappeared after hypophysectomy and was partially restored by gonadotropin treatment [30] . Conversely, in vitro exposure of decapsulated whole testis to testosterone, human chorionic gonadotropin or forskolin did not induce any transcriptional activation or inhibition of the PHGPx gene [32] . Our recent study demonstrated that the expression of PHGPx was increased in the embryonic ectoderm and the yolk sac membrane from 7.5 days post-coitum during embryogenesis [33] . Targeted disruption of the PHGPx gene caused embryonic lethality between 7.5 and 8.5 days post-coitum [33] . Cytokines IL-4 and IL-13 have been reported to reduce the PHGPx expression in the human lung carcinoma cell line A549 during a 6-day cultivation, accompanied by an increase in 12/15-LOX level [34] . IL-4, however, seems to accelerate the decay of PHGPx mRNA, and IL-4-mediated down-regulation of PHGPx expression appears to be a post-transcriptional phenomenon [35] . The present study demonstrated that PHGPx expression was dramatically down-and up-regulated in the casein-induced PMNs. The mechanisms that affect these interesting changes of PHGPx are still not well known. However, CHX inhibited the up-regulation of PHGPx in the cultured casein-induced PMNs, and also the inhibitory effect of CHX was cancelled by culturing the cells in the conditioned medium obtained from the 24 h culture of the PMNs ( Figure 5A ). Furthermore, we have confirmed that the upregulating effect of the conditioned medium was diminished by heating at 100
• C for 5 min with boiling water (results not shown), suggesting that the up-regulation of PHGPx mRNA could be initiated by an autocrine mechanism that involves a protein factor. PMNs expressed the receptors of TNFα, IL-8 and GRO [36, 37] . To elucidate the implication of cytokines secreted from the caseininduced PMNs, the cells were cultured with several cytokines in the presence of CHX ( Figure 5B ). Among the cytokines tested, recombinant rat GRO caused significant elevation of PHGPx mRNA, and treatment of the conditioned medium with anti-GRO antibody effectively suppressed the PHGPx up-regulation ( Figure 6A ). The cultured casein-induced PMNs secreted GRO during the first 4 h of cultivation ( Figure 6C ). GRO is a member of the CXC family of chemokines in rodents that are selective for the recruitment and activation of PMNs. The CXC chemokine receptors CXCR1 and CXCR2 belong to a G-protein-coupled membrane receptor family, and its intracellular signalling via the G α subunit has been reported to be inhibited by PT [38] . PT partially suppressed the up-regulation of PHGPx mRNA in the cultured casein-induced PMNs ( Figure 6B ). Taken together, GRO, at least in part, may be involved in the PHGPx mRNA up-regulation through the signalling pathway of the G-proteincoupled receptors. Other mechanisms, however, such as a lipid signalling activity are still not excluded from consideration as candidates involved in the up-regulation of PHGPx.
The protein levels of PHGPx and cGPx were increased approx. 2-fold in the cultured casein-induced PMNs as compared with those levels of the casein-induced PMNs without the cultivation ( Figure 3B ), corresponding to 1.8-and 1.5-fold increases in the enzyme activities of PHGPx and cGPx respectively ( Figure 3A) . Slightly lower efficiencies of the enzymatic activity of PHGPx and cGPx as compared with the protein levels might be due to the difficulties of measurement of the activity in the membrane-bound enzymes as described previously [4] . On the other hand, PHGPx and cGPx mRNA levels in the 24-h-cultured casein-induced PMNs were approx. 10-and 2-fold higher respectively than the casein-induced PMNs without the cultivation. This increased mRNA level of PHGPx was not consistent with increases in the protein level and the enzyme activity in the 24-h cultured caseininduced PMNs. This inefficient translation of PHGPx might be regulated by other mechanisms, such as selenium content in the medium.
When these experiments were undertaken, we hypothesized that the expression levels of PHGPx and cGPx might be elevated in the casein-induced peritoneal PMNs to protect them from cell injury by oxidative stress. Unexpectedly, however, PHGPx and cGPx mRNA levels in the casein-induced PMNs were excessively lower than those of peripheral PMNs ( Figures 1A and 2C) . In contrast, the casein-induced macrophages did not exhibit any notable change in the expression levels of PHGPx and cGPx mRNA ( Figure 1B) , suggesting that the decreased expression of mRNA for both enzymes was specific for PMNs. A mechanism for the down-regulation of PHGPx in the casein-induced PMNs is still unknown; however, peripheral blood PMNs were generally thought to be in an inactivated state, and they were reported to be stimulated during the migration process to an inflammation site from the bloodstream [39, 40] . The level of PHGPx expression had already been decreased in the casein-induced PMNs collected 6 h after the casein injection ( Figure 2C ). The direct effect of casein on the expression level of PHGPx mRNA in the rat peripheral PMNs was examined in culture in vitro for 24 h. As a result, no down-regulation of PHGPx mRNA was observed (results not shown). Therefore the down-regulation of PHGPx in PMNs may be mediated through some signalling event during the migration process. However, the possibility that only peripheral PMNs expressing PHGPx at low levels invade the peritoneal cavity is not excluded from a mechanism for decreased expression of PHGPx in the casein-induced PMNs.
The CXC chemokine GRO has been shown not only to stimulate PMNs migration and production of ROS [36] , but also to suppress PMNs apoptosis [41] . Our previous studies revealed that RBL-2H3 cells overexpressing mitochondrial PHGPx are resistant to apoptosis because of reduced intracellular hydroperoxides [14, 42] . In the present study, the intracellular hydroperoxide level was reduced in the cultured casein-induced PMNs (Figure 7) . We have confirmed that the 24-h-cultured casein-induced PMNs with up-regulated PHGPx expression exhibited high viability (approx. 90 %), whereas the viability of PMNs collected from peripheral blood was significantly reduced to 30 % after 24 h of cultivation in the medium (results not shown). Accordingly, GRO, at least in part, appears to regulate the lifetime of PMNs by the up-regulation of PHGPx.
Intracellular expression levels of GPx have been demonstrated to modulate eicosanoid production by controlling the peroxide tone [23] [24] [25] . The rates of LTB 4 and 5-HETE production in the 24-h-cultured casein-induced PMNs exhibiting up-regulated expression of GPx and decreased hydroperoxide level are much lower than those in the PMNs without the cultivation (Figure 7) . We have already revealed that the production levels of LTC 4 and LTB 4 were potentially suppressed in the non-mitochondrial PHGPx-overexpressing RBL-2H3 cells, with a reduction of intracellular hydroperoxides, as compared with those in a control cell line after exposure to A23187, even though the intracellular cGPx level of the overexpressing cells was equivalent to that of the control cells [5] . Production of 5-LOX metabolites was elevated by the inhibition of cGPx and PHGPx activities with the depletion of selenium, but the formation of metabolites was quickly recovered to the control level when the PHGPx activity was restored by the replenishment of selenium, even though cGPx activity was not restored [23] . Therefore lipophilic PHGPx, which has an affinity for biomembranes, appears to be involved in the regulation of the eicosanoid production, rather than cGPx. These results suggest that suppression of LTB 4 and 5-HETE in the casein-induced PMNs during cultivation partially results from the elevation of PHGPx level, and raises the possibility that PHGPx was involved in the modulation of the inflammatory response through control of eicosanoid production in PMNs.
In the present study, the casein-induced PMNs showed downand up-regulation of PHGPx and cGPx expression, and we identified a protein factor, GRO, that is active in the up-regulation of PHGPx mRNA. Furthermore, the casein-induced PMNs showed the decreased intracellular hydroperoxide level and LT formation by up-regulation of the expression of PHGPx and cGPx. Since PHGPx has been reported to be an important molecule in the regulation of eicosanoid production in PHGPx-overexpressing cells, alternation of PHGPx expression in the activated PMNs might be related to the appearance of the intrinsic function of PMNs in the inflammatory site.
